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ABSTRACT 
 
The handle properties of single jersey fabrics composed of superfine wools (17 µm) of different fibre 
curvature (114 versus 74 º/mm) in blends with cashmere (fibre curvature 49 º/mm) were investigated. 
There were four blend ratios of cashmere (0, 25, 50, 75%) plus 100% cashmere. Each of the nine fibre 
blend combinations were replicated three times, and each was knitted into three tightness factors. The 
81 fabrics were evaluated using the Wool HandleMeter, which measures seven primary handle 
attributes and Overall handle, and have been calibrated using a panel of experts and a wide variety of 
commercial fabrics. Results were analysed by ANOVA and general linear modelling. Tightness factor 
significantly affected all Wool HandleMeter attribute values, with the effect of tightness factor varying 
according to handle attribute. The Wool HandleMeter was able to detect differences between fabrics 
composed of superfine wool differing in fibre curvature, with lower fibre curvature wool fabrics 
having more preferred Overall handle and softer, looser, cooler, lighter and less dry handle attributes 
at some or all tightness factors compared with fabrics composed of higher fibre curvature superfine 
wool. Progressively blending cashmere with wool significantly improved Overall handle, increased 
soft and smooth handle, reduced dry, heavy and tight handle. Linear regression modelling indicated 
that fabric mass per unit area explained more than 50% of the variance in overall fabric handle, and in 
combination with variations in fabric thickness and yarn elongation could explain 71% of the variance 
in Overall handle. 
 
Keywords: Superfine merino wool; Cashmere; Low crimp/high crimp wool; Next-to-skin; Knitting 
structure; Objective testing; Fabric design 
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Introduction  
As Binns (1926) noted, buyers of wool fabrics seem unable to keep their hands away from the fabrics 
and use words all associated with the sense of touch. “It seems probable that the stress laid on 
“handle” results from a close appreciation of the requirements of the purchasing public, women in 
particular being attracted by the softness of wool goods” (Binns, 1926). Peirce (1930) described hand 
as being the judgment of the buyer which depends on the time, place, fashion and personal 
preferences. Though replacing human assessors with physical testing seems worthless, what human 
fingers sense depends upon the physical properties of fabrics. Therefore, for the first time, correlation 
between fabric handle and fabric mechanical properties was suggested by Pierce and the measurement 
of fabrics stiffness was initiated. 
Since then, handle has frequently been equated with softness, although terms such as crisp, full and 
resilient have been used in assessing fabrics (Shah & Whiteley, 1971). Mahar and Postle (1983) 
described handle as “the interaction between a number of simpler primary expressions, for example, 
smoothness, stiffness, softness and crispness”. The Textile Institute (Anonymous, 1986) defines 
handle as “the quality of a fabric or yarn assessed by the reaction obtained from the sense of touch”. 
Problems have arisen with subjective evaluation of fabrics related to the vagaries associated with 
individual interpretation and preferences, unclear terminology and differences in techniques and 
methodology (Kamalha et al., 2013; Etzi et al., 2014). To address these issues the Kawabata 
Evaluation System for Fabrics (KESF; Kawabata, 1982) and the Fabric Assurance by Simple Testing 
System (SiroFAST; Boos & Tester, 1994) were developed for woven fabrics. In these systems, 
subjective handle assessments and physical testing are combined to develop quantitative measure of 
fabric handle. Though the initial purpose of these systems was to develop subjective hand assessment 
with objective means, it relied heavily on subjective scaling to produce objective hand characteristics. 
On the objective side, and for the development of the KESF, the researchers first established Primary 
Hand Values (PHV) for men’s suiting fabrics, described as stiffness (Koshi), smoothness (Numeri), 
fullness (Fukurami) and then summarised Overall handle as Total Hand Value (THV). PHV were 
rated by experts on a scale of 0 (extra low) to 10 (extra high) while the THV ratings ranged from 0 
(not suitable) to 5 (excellent). At this time, the KESF system was not applied to knitwear. While 
Kawabata developed a set of instruments to measure appropriate handle-related fabric properties, 
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including tensile, shearing, bending, compression, thickness and surface friction, the SiroFAST system 
uses a compression meter to measure thickness, an extension meter to measure extensibility of fabric 
and a bending meter to measure fabrics bending length (Kilinc-Balci, 2011). A range of other 
objective test methods for fabric handle was also reviewed by Kamalha et al. (2013). 
Fabric handle and its measurement were recently reviewed by Wang et al. (2013). They concluded that 
despite there being less finishing processes regularly used on weft knitted fabric, compared with 
woven fabric, there is still the potential to improve supply chain communication with the introduction 
of objective measurement of fabric properties related to the subjective tactile properties (handle) of 
knitted fabrics. 
The major issue for wearers of knitwear composed of wool is the prickle or itch sensation that over 
50% of people in key markets associate with wool. Recent investigations with next-to-skin wool 
knitwear have shown that prickle discomfort is not associated with the handle of wool fabrics 
(McGregor et al., 2015a), as comfort is basically a more complex phenomena. Comfort involves 
physical interaction between the human body, the fabric and the external environment, while handle is 
the reaction to the mechanical interactions between human skin and the fabric, where both the fabric 
surface and the material bulk are being spontaneously evaluated by external body movement. In recent 
studies, it was shown that prickle discomfort is driven by the mean fibre diameter (MFD) of the wool 
(McGregor et al., 2015a) and the length of fibres protruding from the surface of the fabric or yarn 
(Naebe et al., 2015a; McGregor et al., 2015b).  
The investigation by McGregor et al. (2015a) used the Wool HandleMeter, which has been recently 
developed to measure the handle parameters of knitted single jersey fabric (Mahar & Wang, 2010; 
Wang et al., 2013; Wang et al., 2014). The Wool HandleMeter is based on the ring test whereby a 
circular fabric sample is pushed or pulled through a circular orifice and the forces are recorded. In 
previous work, these forces have been related to KESF handle values (Behery, 1986), fabric mass per 
unit area, bending rigidity and bending hysteresis (Grover et al., 1993). Pan and Yen (1992) related the 
force by displacement curves to 16 fabric mechanical properties measured by the KESF system. The 
development of the PhabrOmeter Fabric Evaluation System (NuCybertek Inc., Davis, CA, USA) (Pan, 
2007), allowed the automatic performance of the ring test on a variety of fibrous sheets (Kacvinsky & 
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Pan, 2006) and the determination of the “relative hand value”, “drape index” and “wrinkle recovery 
rate”. The Wool HandleMeter uses the same principle of pushing a circular fabric sample through a 
nozzle as the PhabrOmeter. However, the associated force by displacement curve is quantified by a set 
of 8 objective parameters and these are used to predict a set of 7 bipolar handle attributes suitable to 
describe light weight single jersey knitted fabrics. These descriptors were shown to be sufficient to 
describe the primary tactile attributes of lightweight single jersey fabrics as determined by a panel of 
experts (Mahar & Wang, 2010; Wang et al., 2013; Wang et al., 2014). 
Fibre curvature is an objectively measured trait of raw Merino wool better known in the past as the 
characteristic crimping of wool staples (Swan, 1994; Smuts et al., 1995; Swan & Mahar, 2000). Wool 
crimp and fibre curvature have been of considerable interest to wool producers and processors as low 
staple crimp (low fibre curvature) is associated with softness of handle or low resistance to 
compression of both raw and scoured wool and of cashmere and other animal fibres (van Wyk, 1946; 
Ali et al., 1971;Shah & Whiteley, 1971; McGregor, 2014). A number of possible benefits of using raw 
Merino wool with low staple crimp have been documented during the manufacture of worsted woven 
textiles (Stevens & Mahar, 1995). The same effect is not always seen in other reports where fibre 
curvature has not been measured, or where tight control of fibre properties has not been implemented 
and where experimental replication is absent, and so many reports lack suitable statistics to allow 
comparisons of treatments. Until recently, there was little published literature on the effects of wool 
fibre crimp (curvature) on the properties of knitwear. Recently, the factors affecting the yarn attributes 
and knitted fabric quality, low-load compressional behaviour and bending properties of yarns and 
fabrics made from raw superfine Merino wools of mean fibre diameter (MFD) 17 µm, but differing in 
fibre curvature and of blends of those wools with cashmere, were investigated in replicated 
experiments (McGregor & Postle, 2004, 2007, 2008). It was demonstrated that single jersey knitted 
fabrics made from high fibre curvature wool compared with those made from low fibre curvature wool 
differ in many fabric properties including: compressibility, suppleness, air permeability, fabric 
thickness, mass per unit area, spirality, hygral expansion and dimensional stability during laundering. 
The properties of these superfine wool fabrics were also affected by blending with cashmere. 
Variation in fibre curvature of superfine wool has been shown to affect the wearer assessment of 
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fabrics knitted with these yarns and also the instrumental assessment of fabric comfort properties 
(McGregor & Naebe, 2013; McGregor et al., 2015b). In another investigation, the manipulation of raw 
wool staple crimp frequency (curvature) provided no discernible effects upon laboratory assessments 
of fabric handle assessment within a very narrow range of fibre curvature investigated (117 compared 
with 128 º/mm; Tester et al., 2015).  
What has not been demonstrated is whether there are objective differences in the fabric handle 
between knitwear composed of superfine wool with large differences in fibre curvature (40 º/mm), and 
if blending superfine wool with cashmere affects any objective fabric handle attribute. Thus, the aims 
of the present investigation were to determine: the effects of fibre curvature of superfine wool, the 
effects of blending superfine wool with cashmere, and the effect of knitting tightness on the objective 
handle properties of knitted fabrics determined using the Wool HandleMeter; and to determine the 
main fabric properties affecting the Overall handle of these wool and cashmere blend fabrics.  
Materials and methods 
Design 
The yarns used originated from a designed replicated experiment which carefully sourced the raw 
wools and then intensively tested the resultant fibre, tops and yarns (McGregor & Postle, 2007). The 
wool used had a similar fibre diameter to remove this potential variable. The design had nine 
treatments each with three replicates and used cashmere and wool with a mean fibre diameter of about 
17 µm as follows [(2 wool types by 4 blend rations) + pure cashmere] by 3 replicates where:  
Wool type (WT) had two levels: high curvature superfine wool (SW, fibre curvature 114 °/mm); and 
low curvature superfine wool (LCW, fibre curvature 74 °/mm). Blend ratio (BR), refers to the 
percentage of cashmere in the blends and had four levels (0, 25, 50, 75%). In the graphical 
presentation of results, BR 100 refers to the control, pure cashmere (CM, fibre curvature 49 °/mm).  
The low crimp wool was sourced directly from two farms that produced the required type with staple 
crimp frequency of < 4 crimps/cm and a fibre curvature of < 75 ˚/mm. Prior to shearing, mid-side 
wool samples were taken from 1000 sheep and tested. At shearing, the main fleece wool from 16 
selected sheep was collected. High crimp superfine wool was identified using the Newcastle, New 
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South Wales wool sale catalogue test information and then by visual inspection. Twelve different 5 kg 
lot grab samples of suitable fleece wools were purchased. In this way, wool representing numerous 
commercial farms in the New England region of New South Wales was obtained. Typical Australian 
grown cashmere (MFD 16.8 µm) from 12 farm sources was purchased from the Australian Cashmere 
Marketing Corporation.  
Spinning, knitting and finishing 
The dehairing and combing of the cashmere and wool, top making and spinning were carried out as 
described previously (McGregor & Postle, 2004; McGregor & Postle, 2007). Briefly, the finisher 
gilling of blended tops used a NSC GV11 Vertical Finisher Gillbox (N.Schlumger et Cie, Guebwiller, 
France). Most rovings were produced on a rub rover using one head. As pure cashmere produced a 
rubbed roving that was too weak for spinning, a twisted cashmere roving was produced. Yarn was 
spun on a Zinser RM 421E1 spinning frame with 48 mm diameter rings. The delivery speed for 18 tex 
yarn averaged 10 m/min with 709 tpm using #34 traveller. Replicate 1 was spun before Replicate 2, 
which was spun before Replicate 3. Yarns were autoclaved for 15 minutes, two-folded (18 tex, 392 
tpm) and autoclaved again to set the final twist, assembly wound and waxed. 
As this study used fabrics knitted in the previous study, the fabric construction was exactly as 
previously described (McGregor & Postle, 2008). Yarns of count R36/2 were knitted on a 23-gauge 
circular machine in a single jersey structure to each of three tightness factors (TF) 14.0, 15.5 and 17.0 
tex½/cm with loop lengths of 4.29, 3.87 and 3.53 mm, respectively. The worsted cover factor (CF) 
equivalents are 1.20, 1.32 and 1.45 using the definition of cover factor as CF = √𝑇𝑇
𝐿𝐿
 in which T is the 
yarn count in tex and L is loop length. Knitting was completed on a 25.4 cm diameter circular machine 
with 732 needles and one positive feed input under standard atmospheric conditions. Each replicate 
was knitted in the order 17.0, 15.5 and 14.0 tex½/cm.  
Fabrics were finished as follows: fabrics were gently wound, with minimal tension, around a fabric 
covered tube ensuring the fabrics were not stretched. The order of winding was exactly the same as the 
randomised order used for all previous manufacturing processes. Four fabrics were wound onto each 
tube, the entire tube with wound fabric was then fully submerged into a water bath, and the 
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temperature was brought up to 80˚C and kept there for 30 minutes. The fabrics were then cooled and 
dried on a drying rack. Once dried, they were reconditioned at standard temperature and RH prior to 
cutting and measurement with the Wool HandleMeter. 
Fibre, yarn and fabric evaluation  
MFD (µm), fibre diameter distribution characteristics (standard deviation [SD] (µm), coefficient of 
variation (CVD, %), incidence of fibres >specified diameters (%)), fibre curvature and fibre curvature 
SD (°/mm), medullated fibre (incidence by number, %; incidence by weight, %w/w; medullated fibre 
MFD, µm) were measured using the OFDA100 on four independent top samples for each replicate, 
with > 10,000 counts for each sample. Resistance to compression was measured (AS 3535, 1988). 
Fibre length characteristics (Hauteur (H) and CVH) were measured on top samples using the Almeter 
100. For the pure raw wools and pure dehaired cashmere the MFD, CVD, fibre curvature, resistance to 
compression and H were respectively: SW, 17.0 µm, 18.2%, 114 º/mm, 10.5 kPa, 50 mm; LCW, 16.9 
µm, 19.9%, 74 º/mm, 7.5 kPa, 47 mm; CM, 16.8 µm, 20.8%, 49 º/mm, 5.3 kPa, 42 mm. 
Rovings were tested on the Uster Tester 1-B v5.08 at a test speed of 50 m/minute for 2.5 minutes to 
determine CVm. Yarns were tested for 13 attributes as described in previous studies (McGregor & 
Postle, 2007; Wang et al., 2006). In brief: linear density (tex); yarn evenness (CVm); yarn thick places 
(+50%); yarn thin places (-50%); neps (+200%); yarn hairiness (Uster Tester 3 v2.50); yarn elongation 
(%); yarn tenacity (cN/tex); total number of hairs protruding more than 1mm (Tp, hairs/100m; the 
Zweigle G565 Hairiness Meter); number of hairs exceeding 3 mm (S3, hairs/100m); S3 as a percentage 
of Tp (100S3/Tp, %); total length of hairs (K’, mm/cm); yarn friction (coefficient).  
Each fabric (n = 81) was tested for mass per unit area (g/m2) and fabric thickness and measured using 
the Wool HandleMeter following the draft test method (IWTO DTM-67, 2014) and ISO 5084-1996. 
Three subsamples of each fabric were used for all tests. The Wool HandleMeter provides values for 
seven primary handle parameters and an assessment of Overall handle (Table 1). For each Wool 
HandleMeter parameter, the predicted value varies between 1 and 10, with 1 associated with the first 
term for the parameter and 10 being associated with the last term for the parameter.  
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Table 1. Description of each Wool HandleMeter parameter (derived from Wang et al., 2013) 
Parameter Descriptor and Definition of Scale 
Clean/Hairy Surface property: 1, extremely clean; 10, brushed/raised (very hairy). 
Greasy/Dry Surface property: 1, excessive finish (greasy); 10, extremely dry. 
Rough/Smooth Surface property: 1, very very rough; 10, extremely smooth. 
Hard/Soft Flexural property: 1, extremely hard; 10, extremely soft. 
Loose/Tight Flexural property: 1, extremely loose; 10, extremely tight. 
Cool/Warm Perceived temperature: 1, extremely cool; 10, extremely warm. 
Light/Heavy Bulk property: 1, extremely light; 10 extremely heavy. 
Overall handle Overall fabric handle: 1, poor; 10, excellent. 
 
The fabrics had not had any treatment with chemicals and softeners. Therefore, the handle evaluation 
quantified the long-term, durable handle aspects of each fabric that were related to raw material and 
permanent processing effects.  
Statistical analysis 
For each TF, the data for fabrics were analysed by ANOVA using Genstat 16.1 for Windows (Payne, 
2014) using the directive Blend / (WT * BR), to determine the treatment effects, the standard error of 
difference between means (s.e.d.) and probability of differences between means. Blend was analysed 
as: Control (CM); and Blends (blends of cashmere with wool and the pure wool treatments). In the 
tables, the main effects (all blend ratios combined) for wool type are given with the s.e.d. The 
subscript on the s.e.d. value indicates to which main effect comparison of the value refers. To 
determine the effect of tightness factor, data for all fabrics were pooled (n = 81). Graphed results are 
plotted with the control treatment (100% cashmere) showing error bars indicating the effective 
standard error (e.s.e.) for the comparison of any two means using the s.e.d. for the Blend.WT.BR 
interaction. The e.s.e. = s.e.d./√2. During analysis, the data were tested for linear and quadratic 
responses. The graphs have been plotted based on the significance of these tests (McGregor & Postle, 
2007).  
The correlations for each Wool HandleMeter handle parameter with fundamental fibre, yarn and fabric 
attributes were determined at each TF (Payne, 2014). A parsimonious general linear model with 
normal errors (Payne, 2014) was then developed, in a forward stepwise manner, to determine the 
relationship between the logarithm10 of the Overall handle of all fabrics (pooled data for fabrics of all 
fibre compositions and tightness factors, n = 81) using all measured properties of constituent fibres, 
roving, yarn and fabric physical properties. The model was developed with terms being added or 
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rejected on the basis of F-tests (p < 0.05). Interactions between significant terms and square functions 
of significant terms were also tested for significance. The Overall handle readings were log10-
transformed prior to analysis to avoid the amount of residual variation increasing as the mean 
increased (Sokal & Rohlf, 1995). Once the final model was determined the marginal significance of 
each term in the final model, and the marginal significance of rejected terms were determined. Least 
squares models, that included only prescribed subsets of the parameters in the parsimonious models, 
were fitted and compared using percentage variance accounted for (Payne, 2014). As fabric mass per 
unit area was the most important determinant of Overall handle, we also modelled fabric mass per unit 
area using the same approach used for Overall handle.  
Results 
The mean, SD and range of selected fibre, yarn and fabric handle parameters for all the fabrics are 
presented in Table 2. The MFD of the top replicates ranged between 16.4 and 17.6 µm, and 0.2% of 
fibre measurements were > 30 µm. The fabric mass per unit area averaged 198 g/m2 and ranged 
between 149 and 264 g/m2 with the respective values for each TF as follows: TF 14.0, 176, 149-209 
g/m2; TF 15.5, 196, 167-236 g/m2; TF 17.0, 222, 192-264 g/m2. Fabric thickness averaged 0.89 mm 
with the respective values for each TF as follows: TF 14.0, 0.75, 0.90-1.06 mm; TF 15.5, 0.88, 0.75-
1.04 mm; TF 17.0, 0.88, 0.79-0.98 mm. Seven of the 81 fabrics had fabric thickness ≥ 1.00 mm, all 
being 75% or 100% high curvature wool fabrics. Fabric density increased as TF increased (195 to 251 
g/m2/mm, p < 0.001) and at TF 17.0 was greater for SW than LCW (259 vs. 247 g/m2/mm, p < 0.05) 
which were greater than for pure cashmere (233 g/m2/mm, p < 0.05). The handle parameters from the 
Wool HandleMeter showed a range of between 1.5 units for cool/warm to 5.6 units for Overall handle.  
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Table 2. Mean, SD and range of fibre and yarn (n =27) and fabric properties (n = 81). 
 
Variables Mean SD Minimum Maximum 
Mean fibre diameter (µm) 16.9 0.33 16.4 17.6 
Fibre diameter coefficient of variation (%) 20.1 0.71 18.8 21.5 
Fibre curvature (°/mm) 72 17.4 48 110 
Incidence of fibres > 30 µm (%) 0.2 0.05 0.1 0.3 
Hauteur (mm) 46 0.32 40.3 51.5 
Coefficient of variation of Hauteur (mm) 51.0 3.15 44.1 55.9 
Um (%) 16.2 2.28 14.7 24.3 
Yarn linear density (tex) 18.0 0.66 17.0 19.9 
Yarn tenacity (cN/tex) 6.2 0.38 5.0 6.7 
Yarn elongation (%) 10.8 1.98 6.7 14.2 
Yarn thin places (/km) 312 96.9 153 608 
Yarn hairiness (Uster) 5.9 0.45 5.2 7.2 
Tp (total hairs ≥ 1 mm/100 m yarn) 13743 3172 8050 21702 
S3 (hairs > 3 mm/100 m yarn) 1669 752.5 447 4014 
100S3/Tp (%) 11.59 2.743 5.55 18.50 
Fabric mass/unit area (g/m2) (n = 81) 198 23.8 149 264 
Fabric thickness (mm) (n = 81) 0.89 0.075 0.75 1.06 
Fabric density (g/m2/mm thickness) (n = 81) 223 26.5 181 292 
Wool HandleMeter parameter (n = 81)     
Overall handle 3.8 1.16 1.7 7.3 
Clean/Hairy 6.8 0.62 5.7 8.3 
Greasy/Dry 8.4 0.69 6.7 9.7 
Rough/Smooth 3.1 0.82 1.3 5.3 
Hard/Soft 4.9 1.29 2.3 7.7 
Loose/Tight 5.4 1.38 2.8 8.3 
Cool/Warm 7.1 0.36 6.3 7.8 
Light/Heavy 5.9 1.30 3.0 8.5 
 
The mean Wool HandleMeter extraction curves for the fabrics composed of pure high curvature wool, 
pure low curvature wool and pure cashmere at each TF are shown in Figure 1. As the loop length 
decreases (TF increases) the displacement necessary for the peak force reduce, the peak force reached 
increases and the initial slope of the force displacement curve increases. For each TF, the peak force 
reached was highest for 100% high curvature superfine wool and lowest for 100% cashmere and the 
slope of the force displacement curve was also highest for 100% high curvature superfine wool and 
lowest for 100% cashmere. This shift is due to the fact that fabrics with a shorter loop length are 
tighter than fabrics with a longer loop length, and so under a similar applied force, a smaller 
displacement and lower stretch is seen on fabrics with the shorter loop length.  
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Figure 1. Average Wool HandleMeter extraction curves for 100% high curvature superfine wool 
(continuous lines), 100% low curvature superfine wool (dashed lines) and 100% cashmere (dot lines) 
fabrics for tightness factors (TF) 14.0, 15.5 and 17.0. 
 
Effect of tightness factor 
TF significantly affected all Wool HandleMeter attribute values (p < 0.001, Table 3) with the effect of 
TF varying according to handle attribute. Increasing TF increased fabric dryness and coolness with 
each TF differing from all other TF’s (p < 0.05, Table 3). Fabrics with TF 17.0 were tighter and 
heavier than the other fabrics (p < 0.05, Table 3), and fabrics with TF 14.0 were tighter and heavier 
than those with a TF of 15.5 (p < 0.05, Table 3). The cleanest fabrics were those with a TF of 15.5 (p 
< 0.05, Table 3). Fabrics with TF 17.0 were rougher, harder, and had lower Overall handle (p < 0.05, 
Table 3) compared with fabrics of TF 14.0 and 15.5 which did not differ for these attributes. 
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Table 3. The effect of tightness factor on Wool HandleMeter attributes (n = 81) with the least significant 
difference at 5% probability (l.s.d. 5%).  
Wool HandleMeter 
parameter 
Tightness factor l.s.d. 5% p-value 
14.0 15.5 17.0 
Clean/Hairy 7.10a 6.37b 6.85a 0.275 < 0.001 
Greasy/Dry 7.93c 8.41b 8.85a 0.223 < 0.001 
Rough/Smooth 3.37a 3.39a 2.53b 0.316 < 0.001 
Hard/Soft 5.47a 5.67a 3.60b 0.304 < 0.001 
Loose/Tight 4.88b 4.46c 7.01a 0.289 < 0.001 
Cool/Warm 7.33a 7.13b 6.91c 0.133 < 0.001 
Light/Heavy 5.56b 5.02c 7.03a 0.300 < 0.001 
Overall handle 4.08a 4.40a 2.82b 0.430 < 0.001 
Lower values are associated with the first term for each attributes and higher values associated with the second 
term for each attribute.  
a, b, c: mean values with different superscripts differ at p = 0.05. 
 
Effect of fibre composition 
There were significant effects due to fibre composition for all but one combination of fabric handle 
attributes by TF combinations (n = 24, Table 4). For Overall handle, pure cashmere and low crimp 
wool fabrics had more preferred handle compared with high crimp wool fabrics at TF 15.5, but there 
were no significant differences at other TF (Table 4). Progressively adding cashmere significantly 
improved Overall handle at all TF with the most significant effects at TF 15.5 (Table 4, Figure 2h).  
For Clean/Hairy, pure cashmere fabrics had higher assessed hairy handle compared with high crimp 
wool fabrics at TF 14.0 and high and low crimp wool fabrics at TF 17.0 (Table 4). Fabrics composed 
of low crimp wool had marginally higher hairiness compared with high crimp wool fabrics at TF 17.0 
(Table 4). Progressively adding cashmere had varying but small effects on Clean/Hairy at TF 15.5 and 
17.0 (Table 4, Figure 2a). For Greasy/Dry, high crimp wool fabrics had higher assessed greasy handle 
compared with low crimp wool fabrics at TF 14.0 and compared with pure cashmere fabrics at TF 
15.5 (Table 4). Progressively adding cashmere significantly reduced dry handle at all TF with the most 
significant effects at TF 14.0 and 15.5 (Table 4, Figure 2c). 
For Rough/Smooth, pure cashmere had smoother handle compared with high crimp wool fabrics at TF 
15.5, but there were no differences at other TF (Table 4). Progressively adding cashmere significantly 
increased smooth handle at all TF with the most significant effects at TF 15.5 (Table 4, Figure 2g). For 
Hard/Soft, pure cashmere fabrics had significantly softer handle compared with high crimp wool 
fabrics at all TF’s and was softer than low crimp wool fabrics at TF 15.5. Low crimp wool fabrics 
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were softer than high crimp wool fabrics at all TF’s (Table 4). Progressively adding cashmere 
significantly increased softness of handle at all TF’s (Table 4, Figure 2d). 
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Table 4. Wool HandleMeter attributes of single jersey fabrics made at different tightness factors with yarns composed of: cashmere; low curvature superfine wool and blends; and 
high curvature superfine wool and blends.  
Attribute Tightness factor Cashmere Low curvature wool High curvature wool s.e.d.CM-WT s.e.d.WT s.e.d.BR s.e.d.Blend.WT.BR 
Overall handle 14.0 3.81 4.25 3.97 0.56 0.35 0.50 0.70 
 15.5 5.09a 4.55a 4.07b 0.36 0.23 0.32 0.45 
 17.0 2.76 2.93 2.74 0.30 0.19 0.27 0.38 
Clean/Hairy 14.0 7.63a 7.20ab 6.87b 0.34 0.21 0.30 0.42 
 15.5 6.37 6.37 6.38 0.16 0.10 0.15 0.21 
 17.0 7.79a 6.86b 6.60b 0.21 0.13* 0.19 0.26 
Greasy/Dry 14.0 8.12ab 7.70b 8.12a 0.25 0.16 0.23 0.32 
 15.5 7.91b 8.33ab 8.61a 0.25 0.16* 0.23 0.32 
 17.0 8.96 8.78 8.89 0.29 0.18 0.26 0.36 
Rough/Smooth 14.0 3.03 3.52 3.31 0.37 0.24 0.33 0.47 
 15.5 3.95a 3.47ab 3.17b 0.30 0.19 0.27 0.39 
 17.0 2.05 2.59 2.59 0.36 0.23 0.32* 0.46 
Hard/Soft 14.0 5.77a 5.73a 5.13b 0.42 0.27 0.38 0.53 
 15.5 6.40a 5.78b 5.39c 0.26 0.17 0.23 0.33 
 17.0 4.21a 3.73a 3.33b 0.24 0.15 0.22 0.31 
Loose/Tight 14.0 4.49 4.71 5.14 0.40 0.26 0.36 0.51 
 15.5 3.96c 4.38b 4.66a 0.17 0.10 0.15 0.21 
 17.0 6.08c 6.89b 7.37a 0.16 0.10 0.14 0.20 
Cool/Warm 14.0 7.32ab 7.23b 7.44a 0.12 0.08 0.11 0.15 
 15.5 6.90b 7.10ab 7.21a 0.13 0.08 0.12 0.16 
 17.0 7.30a 6.90ab 6.81b 0.20 0.13 0.18 0.25 
Light/Heavy 14.0 4.81b 5.25b 6.06a 0.42* 0.27 0.38 0.53 
 15.5 4.18c 4.86b 5.39a 0.27 0.17 0.24 0.34 
 17.0 6.19c 6.85b 7.43a 0.23 0.14 0.20 0.29 
The standard error of difference (s.e.d.) is shown for comparisons between: cashmere and wool blends (CM-WT); different wool types (WT); blend ratios (BR, percentage of 
cashmere); and interactions between any two means (Blend.WT.BR).  
Significance of effect are shown as: * p < 0.1; bold p < 0.05; bold italics p < 0.01; bold italics underlined p < 0.001.  
a, b, c: mean values with different superscripts differ at p = 0.05. 
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Figure 2. Wool HandleMeter attributes of fabrics made from R36 tex/2 yarn for two different superfine wool 
types and different cashmere/wool blend ratios knitted into three tightness factors (TF): a) clean/hairy, b) 
cool/warm, c) greasy/dry, d) hard/soft, e) light/heavy, f) loose tight, g) rough/smooth and h) Overall handle. 
Effective standard error plotted at blend ration 100% (pure cashmere). Fibre type symbols: for TF 15.5, dash 
lines and  low curvature wool,  high curvature wool,  pure cashmere; for TF 14.0, solid lines and open 
symbols; for TF 17.0, solid lines and cross-hatched symbols. 
 
For Loose/Tight, pure cashmere fabrics had significantly looser handle compared with low crimp wool 
fabrics which in turn had looser handle compared with high crimp wool fabrics at TF’s 15.5 and 17.0 
(Table 4). Progressively adding cashmere significantly decreased tightness of handle at all TF’s (Table 
4, Figure 2f). The Cool/Warm parameter showed the smallest range of all Wool HandleMeter 
parameters (Table 2). High crimp wool fabrics were assessed as warmer than low crimp wool fabrics 
at TF 14.0, and warmer than pure cashmere fabrics at TF 15.5 but cooler than pure cashmere at TF 
17.0 (Table 4). Progressively adding cashmere resulted in slightly cooler fabrics at TF 14.0 and 15.5 
(Table 4, Figure 2b).  
For Light/Heavy, high crimp wool fabrics were assessed for all TF’s as heavier than both low crimp 
wool fabrics and pure cashmere fabrics. Pure cashmere fabrics were lighter than low crimp wool 
fabrics at all TF’s with the significance increasing as TF increased (Table 4). Progressively adding 
cashmere resulted in significantly lighter fabrics at all TF’s (Table 4, Figure 2e).  
Correlations with fundamental fibre, yarn and fabric properties 
The correlation between fibre, yarn and fabric properties and the fabric Wool HandleMeter parameters 
are shown in Table 5. For clean/hairy and loose/tight the absolute value of the correlation coefficients 
were generally higher at TF 17.0 than at lower TF’s, whereas the opposite trend was apparent for 
cool/warm. For greasy/dry, rough/smooth and the Overall handle, the highest absolute value of the 
correlation coefficients was at TF 15.5.  
Table 5. Correlation coefficients (r) between Wool HandleMeter parameter values for each tightness factor and 
various fibre, yarn and fabric parameters. For p < 0.05, correlation coefficients must be > 0.38 or < - 0.38. 
Wool HandleMeter 
parameter  Variate  
Tightness Factor 
14.0 15.5 17.0 
Clean/Hairy Mean fibre diameter 0.05 0.18 -0.44 
 Fibre curvature -0.25 0.26 -0.61 
 Mass per unit area 0.21 0.56 -0.54 
 Fabric thickness  0.09 0.69 0.24 
 Fabric density 0.19 -0.54 -0.69 
 Yarn tenacity 0.13 0.31 -0.71 
 Yarn elongation -0.19 0.35 -0.73 
 Yarn hairiness (Uster) 0.30 -0.07 0.68 
 Tp (total hairs ≥ 1 mm/100 m yarn) 0.10 -0.34 0.50 
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 S3 (hairs > 3 mm/100 m yarn) 0.10 -0.40 0.50 
 100S3/Tp (%) 0.14 -0.46 0.43 
Cool/Warm Mean fibre diameter 0.37 0.46 -0.17 
 Fibre curvature 0.64 0.65 -0.24 
 Mass per unit area 0.87 0.81 -0.18 
 Fabric thickness  0.96 0.96 0.74 
 Fabric density -0.56 -0.66 -0.80 
 Yarn tenacity 0.61 0.53 -0.30 
 Yarn elongation 0.60 0.67 -0.38 
Greasy/Dry Mean fibre diameter 0.28 0.48 0.23 
 Fibre curvature 0.58 0.69 0.37 
 Mass per unit area 0.91 0.91 0.46 
 Fabric thickness  0.94 0.99 0.98 
 Fabric density -0.43 -0.54 -0.44 
 Yarn tenacity 0.50 0.55 0.32 
 Yarn elongation 0.52 0.74 0.27 
Hard/Soft Mean fibre diameter -0.37 -0.53 -0.51 
 Fibre curvature -0.61 -0.76 -0.78 
 Mass per unit area -0.89 -0.94 -0.81 
 Fabric thickness  -0.88 -0.98 -0.73 
 Fabric density 0.34 0.48 -0.10 
 Yarn linear density -0.54 -0.53 -0.50 
 Yarn tenacity -0.64 -0.60 -0.71 
 Yarn elongation -0.58 -0.79 -0.75 
Light/Heavy Mean fibre diameter 0.40 0.52 0.51 
 Fibre curvature 0.71 0.80 0.84 
 Mass per unit area 0.90 0.95 0.88 
 Fabric thickness  0.90 0.98 0.60 
 Fabric density -0.36 -0.45 0.26 
 Yarn tenacity 0.71 0.62 0.77 
 Yarn elongation 0.68 0.81 0.83 
Loose/Tight Mean fibre diameter 0.35 0.53 0.57 
 Fibre curvature 0.54 0.77 0.87 
 Mass per unit area 0.81 0.93 0.87 
 Fabric thickness  0.77 0.95 0.41 
 Yarn tenacity 0.61 0.61 0.80 
 Yarn elongation 0.52 0.80 0.88 
Rough/Smooth Mean fibre diameter -0.28 -0.47 -0.05 
 Fibre curvature -0.34 -0.67 -0.11 
 Mass per unit area -0.79 -0.90 -0.23 
 Fabric thickness  -0.77 -0.98 -0.92 
 Yarn tenacity -0.48 -0.57 -0.02 
 Yarn elongation -0.33 -0.72 0.01 
 Yarn thin places 0.07 0.03 0.04 
 Yarn thick places 0.31 0.20 0.36 
 Yarn hairiness (Uster) 0.37 0.47 -0.07 
 Tp (total hairs ≥ 1 mm/100 m yarn) 0.59 0.69 0.53 
 S3 (hairs > 3 mm/100 m yarn) 0.58 0.73 0.55 
 100S3/Tp (%) 0.57 0.77 0.57 
Overall Mean fibre diameter -0.25 -0.46 -0.29 
 Fibre curvature -0.30 -0.72 -0.50 
 Mass per unit area -0.70 -0.91 -0.54 
 Fabric thickness  -0.63 -0.98 -0.90 
 Fabric density 0.09 0.53 0.31 
 Yarn tenacity -0.48 -0.57 -0.32 
 Yarn elongation -0.32 -0.77 -0.37 
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The direct measures of yarn hairiness were poorly correlated with clean/hairy fabric handle at TF 14.0 
and 15.5. Increasing fibre curvature was negatively correlated with hairy handle at TF 14.0 and 17.0. 
Fabric thickness and mass per unit area were highly correlated with cool/warm at TF 14.0 and 15.5, 
and increasing fabric density was associated with cooler fabric assessment at all TF’s. Increasing 
fabric thickness was very highly correlated with increasing dry fabric assessment, while increasing 
fabric density was correlated with increasing greasy fabric assessment. Increasing MFD, fibre 
curvature, mass per unit area, yarn properties and fabric thickness were all associated with harder, 
heavier, and tighter fabric assessment. Increasing fabric thickness was highly associated with rougher 
fabric assessment. Increasing Tp and S3 was associated with smoother fabric assessment. Higher 
Overall handle fabric assessment at all TF’s was associated with lower mean fibre diameter, lower 
fibre curvature, lower mass per unit area and lower fabric thickness.   
Model for Overall handle  
The final general linear model relating fabric Overall handle assessment with fibre, roving, yarn and 
any fabric property has been provided in Equation 1 (Table 6). The numbers in parentheses refer to 
s.e.:  
Log10(Overall handle) = 0.69 (0.472) + 0.0094 (0.00491) mass per unit area – 0.000032 (0.0000122) 
mass per unit area2 – 1.01 (0.141) fabric thickness + 0.019 (0.0055) yarn elongation      (n = 81)       (1) 
 
The percentage of variance accounted for was 71.0%, and the residual standard deviation recorded was 
0.0719. 
Table 6. A list of the marginal statistical significance of accepted terms in the final model for Overall handle 
using all parameters known after fabric construction. 
Adjustment to final model F-value Degrees of freedom 
(numerator, denominator) 
p-value 
    
Fabric thickness 51.56 1, 76 4.0  10-10 
Mass per unit area2 7.05 1, 76 0.0097 
Yarn elongation 11.62 1, 76 0.0010 
 
The major share of variation, 52.9% of total variation, could be attributed to differences between 
fabric mass per unit area while fabric thickness alone explained 36% of the variance (Table 7). Adding 
fabric thickness to mass per unit area explained a further 13.1% of the total variation, adding yarn 
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elongation explained only a further 2.7% of the variation and mass per unit area2 an additional 2.3% of 
variance (Table 7). Overall handle declined as both fabric mass per unit area and fabric thickness 
increased (Figure 3). The effect of reducing fabric thickness on Overall handle was greatest at lower 
fabric mass per unit area compared with a similar reduction in fabric thickness at higher fabric mass 
per unit area.  
Table 7. Variance in the logarithm of Wool HandleMeter Overall handle accounted for by terms involving fibre, 
roving, yarn and fabric properties. 
Terms in model involving Residual 
SD 
Residual 
variance 
% variance 
accounted for 
by model 
None 0.133 0.0177 0 
Yarn elongation 0.125 0.0156 12.3 
Fabric thickness 0.107 0.0114 36.0 
Mass per unit area 0.0916 0.0084 52.9 
Mass per unit area, fabric thickness 0.0778 0.0061 66.0 
Mass per unit area, fabric thickness, yarn elongation 0.0747 0.0056 68.7 
Full model 0.0719 0.0052 71.0 
 
 
 
Figure 3. The predicted Overall handle of fabrics made from R36 tex/2 yarn composed of two different superfine 
wool types and different cashmere/wool blend ratios knitted into three tightness factors (TF) based on back 
transformed data from Equation 1. Symbols: , solid lines, fabrics with a thickness of 0.80 mm; , dashed line, 
fabrics with a thickness of 1.00 mm.  
 
Given the importance of fabric mass per unit area on Overall handle, we developed a general linear 
model of determinants of fabric mass per unit area (Equation 2).The numbers in ( ) refer to s.e. and the 
number in [ ] refer to different levels within a factor. The constant refers to TF 14.0.  
1
2
3
4
5
6
140 160 180 200 220 240 260
O
ve
ra
ll 
Ha
nd
le
Fabric mass per unit area (g/m2)
20 
 
Fabric mass per unit area (g/m2) = 65 (11.5) + 0.26 (0.063) × fibre curvature + 102 (15.3) × fabric 
thickness + 22.6 (2.13) TF15.5 [or + 47.0 (2.14) TF 17.0]   (n = 81)       (2) 
Equation 2 shows that fabric mass per unit area increased as TF, fibre curvature of the top and fabric 
thickness were increased. The percentage of variance accounted for was 88.5%, and the residual 
standard deviation recorded was 7.7. The significance for each term in the model was p < 0.001. The 
inclusion of fibre curvature resulted in wool type being not significant (WT, p > 0.1). Equation 2 
accounted for more of the variance in fabric mass per unit area than a model which included blend 
ratio (BR, p > 0.1) but not fabric thickness.  
Discussion  
The main finding was that knitted fabrics composed of superfine wool differing in fibre curvature, had 
different handle properties. Secondly, progressively blending cashmere with superfine wool 
significantly improved Overall handle, increased soft and smooth handle, reduced dry, heavy and tight 
handle. Thirdly, and not unexpectedly, manipulating the loop length (TF) of knitted fabrics affected all 
knitted fabric handle properties. Finally, it was shown that the Wool HandleMeter was able to detect 
differences between fabrics composed of wool differing in fibre composition, fabric mass per unit area 
and yarn elongation. Each of these findings will be discussed in turn.  
Fibre curvature affected fabric handle properties 
Fabrics composed of superfine wool with lower fibre curvature had more preferred Overall handle and 
softer, looser, lighter and less dry handle attributes at some or all TF compared with fabrics composed 
of superfine wool with higher fibre curvature (Table 4). The effects of fibre curvature of the wool were 
largest, more significant and detected at all or most TF for the handle attributes of hard/soft, 
loose/tight and light/heavy. These results for hard/soft (lateral compression and bending stiffness), 
loose/tight (biaxial stretch and recovery) and light/heavy concur with previous investigations into the 
effects of manipulating the fibre curvature of superfine wool, where fabric compressibility, bending 
rigidity, bending hysteresis, shear rigidity, shear hysteresis, tensile properties, fabric mass per unit area 
and fabric width were all affected in the directions indicated by the handle results in the present 
investigation (McGregor & Postle, 2008).  
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For Overall handle, fabrics composed of superfine wool with lower fibre curvature had more preferred 
handle than fabrics composed of higher fibre curvature at TF 15.5, and the same trend was apparent at 
the other TF’s (Table 4). This indicates that designers can manipulate the TF in order to achieve their 
desired fabric handle properties. For greasy/dry handle, fabrics composed of superfine wool with 
lower fibre curvature had less dry handle than fabrics composed of higher fibre curvature at TF 14.0, a 
finding implying a more slippery feel, and the same trend was apparent at the other TF’s (Table 4). 
Given that none of the tested fabrics had been treated with chemical softeners or finishes this finding 
is of interest as it implies that the requirements for chemical finishes may be less for wools with lower 
fibre curvature. For next-to-skin trans-seasonal knitwear, the direction of the detected effect of lower 
curvature wool is likely to be preferred.  
No or very minimal effect of wool fibre curvature was detected on the handle parameters clean/hairy, 
cool/warm and rough/smooth (Table 4). It is surprising that there were no effects on fabric clean/hairy 
handle as the yarns composed of lower curvature superfine wool have been shown to have higher 
hairiness attributes compared with yarn of the higher curvature wool (Wang et al., 2006; McGregor & 
Postle, 2007) and that these differences in yarn hairiness have been shown to be associated with other 
fabric properties (McGregor & Postle, 2007) and wearer assessments of fabrics composed of these 
yarns (McGregor et al., 2015b). Previous research has shown a negative linear response to fabric 
density, where increasing fabric density was associated with reduced hairiness (McGregor et al., 
2015a), and this result was also found in the present work at TF’s 15.5 and 17.0 (Table 5).    
For cool/warm handle, fabrics composed of superfine wool with lower fibre curvature were assessed 
as having cooler handle than fabrics composed of higher fibre curvature at TF 14.0 (Table 4), but the 
minimal responses were non-linear in relation to TF (Figure 2b). The cool/warm sensation is most 
closely linked to the rough/smooth sensation and also clean/hairy sensation, where there was no effect 
of fibre curvature. These sensations are a function of contact area between the fingers and fabric and, 
for example, greater roughness or greater hairiness reduces the effective contact surface area, and 
consequently reduces heat flow. Cool/warm is not related to insulation value which is related only to 
fabric thickness (Wang et al., 2013; Wang et al., 2014). Similarly, there were no effects of wool fibre 
curvature detected on the fabric rough/smooth handle with all values tending to be towards the rougher 
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end of handle assessments (Table 4). This result may reflect the lack of finishing treatment applied or 
perhaps yarn twist, which was higher than frequently used for knitwear, but the same twist was used 
for all yarns. However, increasing yarn hairiness (Tp, S3; Table 5) was positively associated with 
smoother assessment, a finding similar to responses from wearers of fabric composed of the same 
yarns (McGregor et al., 2015b). 
Effect of blending cashmere on fabric handle attributes 
Increasing cashmere content in blends with superfine wool significantly affected all objective fabric 
handle attributes. These results are shown in Table 4 as the effect of BR and in the slope of the lines in 
Figures 2a-2h. These effects occurred with almost all TF’s. The direction of the effect of increasing 
the blend of cashmere with superfine wool was positive with significantly improved Overall handle, 
increased soft and smooth handle (more compressible and easier to bend), less dry (more slippery), 
lighter and looser (easier to stretch) handle. There were minimal and inconsistent effects of blending 
cashmere on both clean/hairy and cool/warm handle attributes (Figures 2a, 2b). In other studies, 
increased assessment of smoothness has been associated with preferred textures (Etzi et al., 2014). 
Part of the effect of increasing the content of cashmere in the blends with both of the superfine wools 
was to reduce the average fibre curvature of the final blend, as the fibre curvature of the cashmere was 
49 °/mm compared with the low curvature wool 74 °/mm and the high curvature wool 114 °/mm 
(McGregor & Postle, 2007). Thus, part of the effect of increasing the content of cashmere on the 
handle of wool/cashmere blend fabrics will be associated in part with the effect of reducing the fibre 
curvature of the blended top, as discussed previously regarding the differences between the wool types 
on fabric handle. There are also other physical and chemical properties of cashmere which may also 
influence fabric handle properties including differences in fibre-to-fibre friction, related to variations 
in cuticle scale frequency and height, the number of layers of cuticle cells around a fibre and 
differences in external and internal lipid composition (Logan et al., 1989; Tester, 1987; Tucker et al., 
1988; Wortmann et al., 1988). Cashmere fabric has been shown to be thinner and more open, with 
relatively low inter-yarn friction, resulting in lower forces opposing deformation and recovery of 
fabrics (McGregor & Postle, 2008).  
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Previous investigations of these fabrics demonstrated that adding cashmere to wool increased knitted 
fabric softness, smoothness, flexibility and suppleness (McGregor & Postle, 2008). It is clear that the 
Wool HandleMeter is able to detect the differences between fabrics which have similar constituent 
fibre diameter attributes but differ in fibre composition and fundamental fabric mechanical properties.  
Fabric thickness at maximum compression was previously shown to be dependent of fibre curvature 
properties of constituent fibres (McGregor & Postle, 2008) and in the present investigation fabric 
thickness affected Overall handle (Equation 1, Tables 6, 7). Thus, manipulating fibre curvature of the 
top influences Overall handle measurement of knitted fabrics in part by affecting fabric thickness and 
mass per unit area (Equation 2), which together accounted for 93% of the variance accounted for by 
Equation 1 (Table 7).  
The elongation and tenacity of the yarns used in the present work declined as cashmere was 
increasingly blended with the wool and both yarn elongation and yarn tenacity were lower in low 
curvature wool compared with the higher curvature wool (McGregor & Postle, 2007). Thus, it is not 
unexpected that yarn elongation was present in the best model for Overall handle (Equation 1) given 
the effects of blend ratio (Table 4), although yarn elongation only explained about 2.7% of the 
variance. Yarn elongation was associated with differences in curvature (crimp) of the constituent 
fibres and yarn hairiness. The lower extensibility of yarns and fabrics composed of lower curvature 
fibre is to be expected as lower fibre curvature reduces the ability of fibres, yarns and fabrics to extend 
relative to higher fibre curvature fibres. Clearly, the Wool HandleMeter was able to detect differences 
in fabrics related to variation in yarn elongation.  
Important findings of this work are that fabrics composed of 75% cashmere/25% wool appeared to 
have almost exactly the same handle as 100% cashmere fabrics, and adding even 25% cashmere to 
superfine wool resulted in improved fabric handle properties. These appear to be very important given 
the price differentials between cashmere and wool tops (McGregor, 2000).  
Effect of tightness factor 
As expected, the results showed that manipulating the loop length (TF) of knitted fabrics affected all 
Wool HandleMeter handle values, with the effect of TF varying according to handle attribute (Table 3) 
as previously reported (Naebe et al., 2015b). Fabrics with the highest TF 17.0 (smallest loop length) 
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were the tightest and heaviest fabrics which were rougher, harder, cooler and drier than fabrics with 
lower TF’s (Table 3). Consequently, fabrics at the highest TF had the poorest Overall handle (Table 
3). The knitting industry understands the importance of TF upon both fabric properties generally and 
the productivity and efficiency of knitting operations.  
The response of handle parameters to TF was not linear or systematic given that TF 15.5 sometimes 
had the lowest or highest value (Table 3) and TF 15.5 did not always rank the same for different wool 
types (Table 4). The lack of difference in handle attributes between TF 14.0 and TF 15.5 may be 
related to the fact that these fabrics are relatively loosely knitted, and there were relatively small 
differences in the peak forces and slopes for the force extraction curves, as indicated for the pure fibre 
fabrics in Figure 1. As such there still remained a lot of space between the loops and between fibres 
within the yarns. However, when TF was increased to 17.0, there were much greater interactions 
between the loops and between fibres within the yarns, especially in those blends or wool types with 
the higher fibre curvature. Tighter fabrics also have higher fabric mass per unit area (Equation 2), 
which is a major determinant of Overall handle and other handle attributes (McGregor et al., 2015a). 
In the present study, the effects of TF on fabric mass per unit area depended upon the fibre curvature 
of the top and upon fabric thickness (Equation 2). Similar fabric mass per unit area could be produced 
by different combinations of TF, fibre curvature and fabric thickness (Equation 2).  
Tighter fabrics also have a greater surface density of yarns and fibres (Naylor & Phillips, 1997), and 
so, in all cases for smoothness, softness and dryness, the highest TF was associated with the roughest, 
hardest and driest fabrics (Table 3). This is a similar response to the effect of TF on surface prickle 
assessment of the comfort of similar fabrics using the Wool ComfortMeter (McGregor & Naebe, 
2013). 
Detection of handle differences by Wool HandleMeter 
The Wool HandleMeter was able to detect differences in many aspects of handle between fabrics 
composed of wool differing in fibre composition, fibre curvature and construction and together these 
results cover a range of yarn and fabric properties (Table 2) suitable for next-to-skin wear. When 
examining the detection of differences between experimental treatments, the s.e.d., as shown in Table 
4, is used to determine the significance of any affect upon a handle attribute. For the differences 
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between the wool types and cashmere blend ratios, Table 4 shows that as TF increased, the s.e.d.WT 
and s.e.d.BR declined for Overall handle, clean/hairy, hard/soft, loose/tight and light/heavy attributes. 
As the TF increases, the loops become shorter and there is more yarn per unit volume, increasing the 
interactions between the yarns in the knitted loops. This in turn will decrease variability in mechanical 
properties and increase the hard, tight and heavy fabric attributes. This result may also indicate that 
because the s.e.d.s were higher with the loosest fabric (TF 14.0), more sampling and testing should be 
undertaken at TF 14.0 to be confident that any treatment effects have been adequately sampled. The 
decline in s.e.d.WT and s.e.d.BR as TF increased may also reflect smaller differences and ranges in the 
test specimens at TF 15.5 and 17.0.  
In regard to hard/soft and loose/tight parameters, it appears that using the Wool HandleMeter would be 
a faster and more direct method of ascertaining the relative handle performance of fabrics compared 
with using separate instruments for the assessment of each fabric property.  
In the present work, the fibre curvature of the wool tops and blends was measured and manipulated as 
part of the experimental design and MFD was held relatively constant. This was done to be able to 
highlight the role of fibre curvature in these handle properties. The results (Table 5) show that fibre 
curvature was moderately correlated with fabric handle attributes, with the average correlation 
coefficient for fibre curvature of 0.56 (range in absolute values 0.11-0.87, with 17 of these r values 
significant at p < 0.05) between the eight handle parameters by three TF combinations. Part of the 
effect of manipulating fibre curvature is an effect on changing fabric mass per unit area (Equation 24) 
which in turn affects Overall handle (Equation 1, Figure 3). As shown by Equation 2, at any given 
fibre curvature, a range of possible fabric mass per unit area are possible given different loop lengths 
and resultant fabric thicknesses.  
Wool HandleMeter assessments were generally independent of MFD with the average correlation 
coefficient between MFD and the eight handle parameters by three TF combinations being 0.36 (range 
in absolute values 0.05-0.57). This result is related to MFD being carefully controlled in the 
experimental design with only a small variation in MFD between replicates related to blending 
(McGregor & Postle, 2007). In our earlier investigation of the handle parameters of 19 single jersey 
next-to-skin wool knitwear wool fabrics (range in MFD 13.8-21.2 µm), MFD had very little or no 
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significant effects on any Wool HandleMeter attribute. Thus, Wool HandleMeter predictions were 
independent of MFD, with other attributes of fabrics, such as thickness and mass per unit area being 
more important in both that investigation and the present work (Equation 1). 
The multiple regression analysis (Equation 1) showed that Overall handle was associated with yarn 
and fabric attributes and accounted for 70% of the variance. Some of the unexplained variance will be 
related to differences between replicates of the same wool type, to differences between replicates for 
the same blend ratio, to differences between replicates of the same TF, and with measurement errors of 
all dependent and independent variables. The fabrics evaluated had a range in mass per unit area of 
136-240 g/m2 (Table 1), which covers most of the range used in light weight next-to-skin knitwear. 
Previous work with these fabrics indicated that fabric mass per unit area was affected by wool fibre 
curvature with low curvature wool producing lighter fabrics than higher curvature wool. Fabric mass 
per unit area was highly correlated with stitch length (TF) and declined as the cashmere content in the 
blend increased with the significance of this response increasing as TF was reduced (McGregor & 
Postle, 2008).  
Simple regression analysis (Table 5) indicated that sometimes fabric thickness was more correlated to 
handle attributes than mass per unit area, and sometimes, fabric thickness was less correlated to handle 
attributes than mass per unit area. However, in the model for Overall handle of the experimental 
fabrics, it was mass per unit area which explained more of the variance than did fabric thickness 
(Table 7). Nevertheless, fabric thickness had important effects on both Overall handle (Equation 1, 
Figure 3) and fabric mass per unit area (Equation 2). Thus, any manufacturing process which affects 
fabric thickness, including finishing treatments, will alter fabric Overall handle. In the present 
investigation, the finishing treatment resulted in fabrics with over twice the fabric thickness compared 
with the earlier study using the same fabrics (McGregor & Postle, 2008; 0.89 versus 0.36-0.38 mm), 
but similar effects of wool fibre curvature upon fabric physical properties were observed. The present 
result reinforces the robustness of the effects of fibre curvature on fabric handle attributes over a wider 
range in fabric thickness. In our earlier investigation of the handle parameters of 19 single jersey wool 
fabrics (range in MFD 13.8-21.2 µm), increasing fabric thickness was associated with drier, rougher, 
harder, heavier and warmer Wool HandleMeter assessment (McGregor et al., 2015a). Smoothness and 
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softness are important in the assessment of Overall handle (Mahar et al., 2013). In our previous 
investigation (McGregor et al., 2015a) and the present work, increasing fabric mass per unit area had a 
major negative effect on Overall handle. Clearly, controlling and manipulating fabric mass per unit 
area and fabric thickness are key variables in producing comfortable fabrics with preferred Overall 
handle attributes, and in the present work, fabric mass per unit area was affected by the fibre curvature 
of the constituent fibres in the pure and blended fabrics.  
Conclusions 
In this experiment, where superfine wools of different raw fibre curvature were blended with cashmere 
in ratios varying from zero to 75% cashmere, the Wool HandleMeter was able to detect differences in 
seven handle attributes and the Overall handle of knitted fabrics. Increasing knitting tightness factor 
resulted in less preferred fabrics being rougher, harder, cooler and drier than fabrics with lower 
tightness factor. Higher Overall handle fabric assessment was associated with lower fibre curvature, 
lower fabric mass per unit area and lower fabric thickness. Manipulating superfine wool fibre 
curvature, cashmere content and loop length, while keeping mean fibre diameter constrained, 
produced fabrics with significantly different handle properties. The present results showed that textiles 
designers would be able to achieve similar fabric handle while manipulating different parameters of 
fibre, yarn and fabrics properties.  
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